The DNA sequences of three genes-celC, err, and gutB-have been determined for each of 11 or 12 natural isolates of Escherichia coli from the ECOR collection. These genes encode the phosphoenolpyruvate-dependent phosphotransferase-system enzyme III proteins specific for P-glucoside sugars (celC) , glucose (cm) , and glucitol (gutB), respectively. There is little evidence of recombination at or among these loci; among these strains, relationships inferred from each gene are largely consistent with each other and with the relationship inferred from multilocus enzyme electrophoresis. DNA sequence diversity is similar for all three genes, particularly when silent (synonymous) sites only are considered. This is surprising because there is much stronger codon usage bias at err than at celC or gutB. The extent of divergence in the protein sequences encoded by these three genes varies considerably. The constitutively expressed glucose-specific enzyme is completely conserved. It is surprising that the inducible glucitol-specific enzyme, which is functional, is more variable than the cellobiose-specific enzyme, which is cryptic; the latter might be expected to be under less (if any) purifying selection.
Introduction
The population genetics and microevolution of bacterial species are quite poorly understood. Even such basic parameters as the amount and pattern of genetic diversity have been only partially estimated, and in a very small number of species. Perhaps the most fundamental question concerns the extent of recombination among prokaryotes (Maynard Smith et al. 199 1) ) which raises the question of whether it is even meaningful to discuss bacterial "species." If species do exist, how much DNA sequence variability is there among different isolates?
The species for which we have the most information is Escherichia coli. Evolutionary studies in this species have been greatly facilitated by the establishment of a defined standard reference set of natural isolates from a variety of hosts and geographical locations, the ECOR collection (Ochman and Selander 1984) . The results of multilocus enzyme electrophoresis (MLEE) of these strains have been interpreted as evidence of a largely clonal population structure (Selander et al. 1987) . However, according to theory, a limited amount of gene exchange in this species might be anticipated (Levin 198 1) ) and DNA sequence data have provided evidence that there is indeed recombination, involving quite short DNA segments, among comparatively closely related strains ( DuBose et al. 1988; Milkman and Bridges 1990) . Thus, it has been suggested that E. coli mimics the traditional species concept (DuBose et al. 1988) , and indeed one mechanism of reproductive isolation has been described (Rayssiguier et al. 1989) . The extent of DNA sequence diversity among strains of E. coli has been estimated for only two loci, and it is not clear to what extent these values were influenced by the sample of strains or by the genes chosen for analysis.
Here we extend our knowledge of DNA sequence diversity in E. coli by examining three loci in each of 12 members of the ECOR collection. The strains have been chosen, on the basis of their positions within a phylogeny derived from MLEE (Selander et al. 1987) , to represent the diversity of the ECOR collection. The three loci--celC, err, and gutB-each encode (nonhomologous) sugar-specific enzyme III proteins of the phosphoenolpyruvate-dependent phosphotransferase system ( PTS ) . The DNA sequence of E. coli K12 has already been published for celC (Parker and Hall 1990a) , err (Saffen et al. 1987; de Reuse and Danchin 1988) , and gutB (Yamada and Saier 1987) . These loci differ in pattern and level of their expression. The glucose-transport system (err) is expressed constitutively and is required for the uptake of one of the primary resources for E. coli. The glucitol-transport system (gutB) is inducible and is useful only on those occasions when glucitol is present in the environment, but it is functional in almost all E. coli isolates. The cellobiose-transport system (celC) is cryptic in all members of the ECOR collection and in >99% of other E. coli isolates (Hall and Betts 1987) ; it can only be expressed after a mutation in the ccl operon (Parker and Hall 1990b) . It might therefore be expected that these loci would be subject to different intensities of selection and thus exhibit different levels of sequence variability.
Material and Methods Bacterial Strains
Twelve natural isolates of Escherichiu coli from the ECOR collection have been investigated (table 1) . We have used the ECOR collection numbers (Ochman and Selander 1984) , with the prefix R. One of the strains, R69, has previously been investigated at the phoA ( DuBose et al. 1988) and trp (Milkman and Crawford 1983) loci; in those investigations it was referred to as "RM45E." The strains were chosen to represent the diversity within the ECOR collection, which has been divided into phylogenetic groups labeled A-E ( B is further subdivided into B 1 and B2) and based on electrophoretic typing at 35 enzyme loci (Selander et al. 1987) .
DNA Manipulations
Amplified double-stranded (ds) DNA was produced by the polymerase chain reaction (Saiki et al. 1988) , as described elsewhere (Hall et al. 1989 ). The amplified Rl  R6  R28  R35  R37  R50  R51  R58  R61  R66  R69  R71  RMb  74A  66C  52B  42B  44B  185s  2091  45E  Other  P97  DD  FN23  ABU84  Group'  A  A  Bl  D  E  D  B2  Bl  B2  B2  Bl  Bl NOTE.-All strains are from the ECOR collection (Ochman and Selander 1984) . ' ECOR strain designations. b Designations given by R. Milkman (personal communication). ' Phylogenetic group assignments based on MLEE (Herzer al. 1990 ).
Hall and Sharp
DNA was purified with powdered glass by using the GeneClean II kit manufactured by BiolOl, to remove amplification primers that interfere with sequencing. DNA sequences were obtained by direct 35S dideoxy sequencing (Sanger et al. 1980 ): sequencing primer was annealed to the ds template by boiling for 5 min, followed by an immediate transfer to dry ice to "snap freeze" the annealing reaction. In all cases, both DNA strands were completely sequenced.
Sequence Analyses
Codon usage bias in each gene has been assessed using the codon adaptation index (CAI) (Sharp and Li 1987a) . "Relative adaptiveness" ( w) values for each of the 59 sense codons (the nondegenerate Met and Trp codons are excluded) have been assigned from their relative frequency in a set of highly expressed genes, and the CA1 for any gene is estimated as the geometric mean of the w values for the codons in that gene (Sharp and Li 1987a) .
DNA sequence divergence among genes has been estimated using the method of Li et al. ( 1985 ) . Sites are categorized as zerofold, twofold, or fourfold degenerate, and the number of transitions and transversions at each category of site is estimated by Kimura's [ 1983, p. 92, eq. (4.14) ] two-parameter method. These numbers are then combined to estimate the numbers of synonymous (KS) and nonsynonymous ( KA ) nucleotide substitutions per site. The overall number of nucleotide substitutions per site (K) is obtained as a weighted average of KS and KA . The K values are quite low, and so they are not very different from II, the nucleotide diversity, calculated as the observed number of base differences per site and averaged over all strain comparisons (Nei 1987, p. 256) . Amino acid diversity ( HAA) is defined here in a manner analogous to that used to define nucleotide diversity.
Phylogenetic relationships among the genes from different strains have been estimated using the maximum-parsimony (Fitch 197 1) and neighbor-joining (NJ; Saitou and Nei 1987) methods. The maximum-parsimony method was implemented using the DNAPARS and DNABOOT programs from the PHYLIP package (version 3.3) supplied by Joseph Felsenstein. The NJ method was implemented using a modified version of a program originally obtained from Naruya Saitou.
Results and Discussion
The polymerase chain reaction was utilized to amplify the celC, err, and gutB genes from 12 natural isolates of Escherichia coli from the ECOR collection, but it was not possible to amplify either celC from strain R7 1 or gutB from R50. This may reflect either the absence of these genes from these strains or technical problems perhaps due to divergence within the regions used as probes. With these two exceptions, all three genes were sequenced from all 12 strains ( fig. 1 ) .
Three main questions will be addressed using these sequence data: ( 1) What are the relative divergence levels of the celC, err, and gutB gene products? (2) What are the relative levels of silent-site divergence in these three genes? (3) What is the relationship among the ECOR strains, and is there any evidence of recombination at or among these three loci?
It is most appropriate to address these questions in reverse order. First, if there is evidence of recombination, it complicates the analysis of the relative divergence at different loci. In estimating the relative rate of divergence of different genes, in the absence of recombination the divergence time is the same for each gene if compared across the same pair of strains; of course, with recombination, even in the same strainpair comparison different genes may have different times of divergence. Only variable codons are shown. B, DNA sequence of err in E. cofi K12 and in 12 isolates of the ECOR collection. C, DNA sequence of gntB in E. coli K12 and in 11 isolates of the ECOR collection. For the ECOR strains, nucleotides identical to K12 are indicated by a dash. A plus sign below the sequence alignment indicates a site which is phylogenetically informative (sensu maximum parsimony) for the ECOR strains. Nonsynonymous changes are shown in boldface.
Relationships among Strains
At the phoA (DuBose et al. 1988 ) and trp loci (Milkman and Bridges 1990 ), comparison of genes from different strains has revealed evidence of a mosaic history suggesting the occurrence of recombination events involving quite short sequences. There is no clear sign of a mosaic structure within any of the three loci examined here ( fig. 1) ) but for each locus considered individually there are only a small number of sites that are phylogenetically informative (in the sense of maximum parsimony ; Fitch 1971) , and so mosaicism would be hard to detect. Despite their small number, the informative sites do indicate certain groupings among the strains. The E. coli K12 and Rl sequences differ at only one nucleotide in celC-a nonsynonymous change in R 1 ( fig. 1 )-and are identical at c rr and g&B, so that the total divergence between K12 and R 1 over the three loci is co.00 1. R 1 and R6 are identical at err and share many informative differences at the other two loci.
Among the other natural isolates, strains R28, R69, and R71 are very closely related: R28 and R69 are identical at celC and err and differ by a single synonymous transition in g&B, and R71 is identical to R28 at err and gutB (the celC gene from R71 was not amplified). R58 also clusters with R28, R69, and R71: R58 is identical to these three strains at err, shares all informative nucleotide differences with R28 and R7 1 at g&B, and is largely similar to R28 and R69 at celC.
Strains R5 1, R6 1, and R66 form another tight cluster. They share all informative nucleotides at err and gutB and share four of six at celC.
Strains R35, R37, and R50 have more equivocal relationships with the other strains, which may be an indication that recombination involving these loci occurred in the ancestors of these strains. R35 shares many informative residues with the R5 1, R6 1, and R66 cluster at err and gutB, but not at celC. Perhaps the strongest suggestion of recombination within this data set concerns R50. The R50 celC sequence is most similar to R66 ( fig. 1 A) , but the R50 err sequence is most similar to R37 (fig. 1B) ; no g&B gene from R50 could be found.
There were 10 strains for which all three gene sequences were determined, i.e., all strains except R50 and R7 1. Pairwise distances among these 10 strains were estimated from the KS (discussed in more detail below) over the three sequences combined. From these pairwise distances, the phylogeny of the strains was estimated using the NJ method (Saitou and Nei 1987) . Three main groupings emerge in the sequencederived tree ( fig. 2A ), and they can be contrasted with the results obtained from MLEE ( fig. 2B). [Note that the NJ method produces an unrooted tree; the tree in fig.  2A was rooted so as to maximize similarity with the MLEE tree, and here we are contrasting the topology of the tree, rather than the rooting.] Strain R6 clusters with R 1 (and K 12 ) ; from MLEE (Herzer et al. 1990 )) K 12, R 1, and R6 are all categorized as group A. As noted above, R7 1 is identical to R28 at the two loci sequenced, and both are categorized as group B 1. Strains R69 (B 1)) R58 (B 1)) and R37 (E) also cluster with R28, with R37 apparently being the outgroup among these strains. Strains R5 1 (B2), R6 1 (B2), R66 (B2), and R35 (D) cluster, with R35 as the outgroup. The maximum-parsimony method (Fitch 197 1) ) using the bootstrap approach to assess confidence limits (Felsenstien 1985 ) , yielded broadly similar relationships among strains. The two A strains (RI and R6) were not grouped, although the placement of R6 was unreliable, occurring in only a little more than half of the bootstrap replicates. Other aspects of the maximum-parsimony phylogeny were very similar to the tree in figure 2A . Among 1,000 bootstrap samples, the B 1 strains (R28, R58, and R69) were grouped in 93.6% of replicates, and R37 was clustered with these in 82.4% of replicates. GGT ACG GGT CCA GGC AAC CAC GCA GAA CTG GGC ACT GTC TTT CTG TCT GTA ACC Rl 
-_T _C_ __C ___ __T ___ ___ ___ ___ --C ___ --C --A ___ t +t +t + + FE. 2.-Phylogeny of the natural isolates of Escherichia coli investigated in this study. A, Relationship inferred from estimated KS in the combined celC, err, and gutB sequences. For strain R71, only err and gutB were used (the celC sequence was not obtained). Strain R50 (not shown) would cluster with R37 on the basis of err but would cluster with R66 on the basis of cc/C (the R50 gutB sequence was not obtained). B, Relationship inferred from MLEE (from Herzer et al. 1990 ). In both cases, the NJ method (Saitou and Nei 1987 ) was used. Horizontal branch lengths are to scale, and vertical separation is for clarity only.
The B2 strains (R5 1, R6 1, and R66) were grouped in 99.9% of replicates, and R35 was clustered with these in 77.1% of replicates. Thus, the principal clusters are in close agreement with the results of MLEE.
The two genes sequenced from strain R50 appear to have different histories. R50 has been classified as group D by MLEE; the R50 celcgene is similar to a B2 sequence, while the R50 err gene is similar to R37 (group E).
The phylogenetic group designations given in table 1, which are taken from Herzer et al. ( 1990) , are in some cases different from those of an earlier study (Selander et al. 1987) . For example, R58 and R69 were previously classified as being outside the B group, in a paraphyletic grouping ("C," which is no longer used), while R66 was previously placed in group B 1. Herzer et al. used results from three more enzyme loci (38 as opposed to 35), but the differences between the phylogenetic relationships derived in the two studies are more likely to be due to the use of the neighbor-joining method in the more recent study. This method appears to be one of the most reliable among distance-matrix methods ( Saitou and Imanishi 1989) ) and indeed the agreement between the NJ-derived MLEE phylogeny tree and the results of our sequence comparisons suggest that these phylogenetic groupings are likely to be quite accurate.
DNA Sequence Divergence
As there is little evidence of recombination among these strains (see above), it seems reasonable to proceed to estimate the relative rates of divergence at the three different loci. (Also, note that, because of the choice of diverse strains, taking the average levels of divergence across many strain comparisons is likely to overcome any problems caused by particular recombinant strains.) Among the ECOR strains, the levels of overall DNA sequence divergence, K, for celC, err, and g&B are presented in tables 2, 3, and 4, respectively. For each gene the values range from 0.0 (i.e., identity) to -2%; the maximum values are 0.022 at celC, 0.019 at err, and 0.025 at gutB. The average values of K are also similar among the three genes (table 5 ) . Of course, divergence at the DNA sequence level comprises nonsynonymous substitutions causing amino acid replacements, as well as synonymous (or silent) substitutions, and these two categories should be considered separately. As expected, the great majority of changes at these three loci are silent ( fig. 1) . Nonsynonymous substitutions will be considered below in the context of the protein sequence variability that they cause.
The number of synonymous substitutions per synonymous site, KS, for each gene is also presented in tables 2-4. For each gene the values range from 0.0 to -8%; the maximum values are 0.089 at ceZC, 0.084 at err, and 0.074 at g&B. Again, the average values of KS are similar among the three genes (table 5). Set against the expectation from the neutral theory (Kimura and Ohta 1971 )-i.e ., that levels of divergence at the intra-and interspecific levels should be correlated-this observation is quite sur- prising. At the interspecific level-i.e., in comparisons between E. coli and Salmonella typhimurium-genes vary considerably in the extent of divergence at silent sites (Sharp 199 1). The main factor associated with this variability is the expression level of each gene: more highly expressed genes have stronger codon usage bias and have diverged less (Sharp and Li 19873) . Of the three genes investigated here, celC and gutB have similar low levels of codon usage bias (as estimated by the CAI), while err has much higher bias (table 5 ) . Therefore, it might be expected that KS values for err would be lower than those for celC and g&B. A second factor associated with the level of interspecific divergence at silent sites is the map position of each gene: genes located within -10 map minutes of the chromosomal origin of replication, oriC, have diverged less between E. coli and S. typhimurium than have genes located farther from oriC (Sharp et al. 1989 ). This factor would not be expected to be a complication for these three loci, however, as none are located in the same half of the chromosome as is oriC (table 5). For err the KS value between E. coli and S. typhimurium is 0.39, which is less than half of the average (0.94) for 67 genes (Sharp 199 1) . While the celC and gutB genes cannot be compared between E. coli and S. typhimurium, they would be expected to have KS values at or above the average. Thus, it appears that the extents Table 4 DNA Sequence Divergence at g&B, among 11 ECOR Strains   RI  R6  R37  R58  R69  R28  R71  R51  R61  R66 (Bachmann 1990) . Numbers in parentheses are distance from OK.
b Values for all strains or for either all pairwise comparisons involving the 10 ECOR strains sequenced at all three loci, in the present paper, or the eight ECOR strains analyzed by both Milkman and Crawford (1983) and DoBose et al. (1988). of synonymous divergence at the intra-and interspecific levels are probably not correlated.
Examination of this issue can be extended to several additional loci, for the particular comparison of strains K12 and R69, since both the phoA gene ( DuBose et al. 1988 ) and a region encompassing parts of trpC and trpB (Milkman and Crawford 1983) have been sequenced in the latter strain. K12 and R69 belong to separate phylogenetic groups (A, and B 1, respectively) within the ECOR collection ( fig. 2) . The additional loci also have low CA1 values, and neither locus is close to oriC (table  6) . Among the six genes, there is again no correlation between KS and CAI, and so no indication of a correlation between levels of intra-and interspecific variability. For this single pair comparison, such a correlation would be susceptible to disruption by recombination.
The trpc and phoA sequences were also examined in a (different) sample of ECOR strains spanning the range of phylogenetic groups. Among those strains, the average nucleotide-sequence-diversity values, overall (K), and at silent sites (K,), in trpB are similar to those for the three genes investigated here (table 5 ) ; the values for trpC and phoA are -50% higher. Thus, the values of nucleotide diversity are quite 'On the E. co/i chromosome (Bachmann 1990 ). Numbers in parentheses are distance from oriC similar across different genes and may be typical for samples of diverse strains from the ECOR collection. The average divergence at silent sites ( -5%) is -1/&h of the divergence between E. coli and S. typhimurium.
Protein Sequence Divergence
The three genes err, gutB, and celC were chosen to allow us to assess the relationship between sequence divergence and the frequency with which the genes are expressed. All three loci encode PTS-enzyme 111s for sugar transport and may be subject to similar selective constraints when they are being expressed. The err gene product functions in glucose transport and is expressed constitutively, and so err is expected to be under the most intense selection. In contrast, gutB is inducible, and it is expected to be under selection only when glucitol (sorbitol) is present in the environment. The cellobiose-utilization operon, including celC, is cryptic (unable to be expressed) in all of the strains examined here, and therefore it is expected to be subject to essentially no constraint.
As anticipated, the three genes have diverged to rather different extents at the protein sequence level (table 5). All of the nucleotide substitutions at err are synonymous ( fig. 1 B) , so that the glucose-specific enzyme III is identical among all strains. For the cellobiose-specific enzyme III (encoded by cc/C), the average amino acid diversity among strains is 0.003, because of three different amino acid replacements each unique to individual strains ( fig. 1A ). There are five variable residues in the glucitol III enzyme (encoded by gutB), two of which are found in several strains, so that the lIAA is much higher (0.013) than that for celC ( fig. 1C) . The similar levels of silent-site divergence argue that the comparisons for each of the three genes are across similar time depths. [If anything, the silent-site divergence levels might imply that the err locus had been diverging longer than had the celC and gutB loci, since err is expected to diverge more slowly (see above) .] As expected, the enzyme IIIglucose exhibits low (zero!) divergence. The data suggest greater constraint on the cryptic enzyme III-cellobiose than on the functional and inducible enzyme III-glucitol, a finding that is counterintuitive. That observation, however, is not inconsistent with the current model (Hall et al. 1983 ) for the retention of cryptic genes. That model postulates that cryptic genes are occasionally activated and subjected to short periods of intense selection. If selection is very strong during such periods, the long-term average intensity of selection could be greater than that for a gene that is continuously subjected to somewhat milder selection. Alternatively, the g&B gene product may simply be more "flexible" in terms of accepting amino acid replacements.
If the majority of nucleotide substitutions in these genes are neutral changes fixed by random genetic drift, then the ratio K,JKs gives a good indication of the relative intensity of the selective constraint on replacement substitutions in the different genes (table 5) . Not only is the celC gene subject to more constraint than is g&B, but it appears to be subject to approximately the same level of constraint as are two previously sequenced E. coli genes-phoA (encoding alkaline phosophatase) and trpC (encoding anthranilate isomerase). These values are comparable across both samples of ECOR strains in table 5, and they thus suggest not that celC is subject to unusually severe constraint but, rather, that gutB appears to be subject to unusually low constraint. More comparisons of cryptic and active genes will be required before any firm conclusions can be drawn.
Conclusions
The three genes investigated here extend our knowledge of DNA sequence variability in Escherichia coli. The three loci have similar levels of DNA diversity, which are also similar to those of two other loci previously analyzed. [It has been reported, without detail yet, that the gnd locus is far more variable than are the genes examined here (Dykhuizen and Green 1986) ]. In contrast, protein sequence variability implied by the DNA sequences differs among the loci. There is comparatively little indication of recombination among these loci. Certainly recombination does occur in this species (DuBose et al. 1988 ), but the nature and prevalence of such events are not yet clear (Milkman and Bridges 1990 ) . The data presented here seem to favor the model of Milkman and Bridges, in which short recombinational replacements do not essentially disrupt the clonal frame in which they are located.
Sequence Availability
These sequences have been deposited in the GenBank/EMBL DNA sequence data library under accession numbers M93570-M93603.
